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ABSTRACT

Using cosmological radiation-hydrodynamical simulations, we study the effect of accreting supermassive black holes (SMBHs)
on nearby dark-matter (DM) haloes in the very early universe. We find that an SMBH with a spectral energy distribution (SED)
extending from the near-ultraviolet to hard X-rays, can produce a radiation background sufficient to delay gravitational collapse
in surrounding DM haloes until up to 107 Mg, of zero-metallicity gas is available for the formation of Population III (Pop III) stars
or direct-collapse black holes (DCBHs). We model three scenarios, corresponding to an SMBH located at physical distances of
10, 100, and '1000 kpc from the Pop III host DM halo. Using these three scenarios, we use the SED to compute self-consistent
photoionization, photoheating, and photodissociation rates. We include the effects of Compton scattering and gas self-shielding.
The X-ray portion of the spectrum maintains an elevated free-electron fraction as the gas collapses to high density. This stimulates
H, formation, allowing the gas to cool further while counteracting the dissociation of H, by Lyman-Werner radiation. As a
result, a large cluster of Pop III stars is expected to form, except in the case with the most intense radiation in which a DCBH
may instead form. Our simulated Pop III clusters have comparable He 1 11640 luminosities to the recently discovered Pop III
host candidate near GN-z11, observed by the James Webb Space Telescope. In two of the scenarios we consider, the resulting

clusters could be detectable using the telescope’s NIRSpec instrument out to z ~ 15.
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1 INTRODUCTION

Population III (Pop III) stars are the as-of-yet unobserved first gen-
eration of stars in the universe that are expected to be formed from
primordial gas. They are an exciting target for the James Webb Space
Telescope (JWST) (Gardner et al. 2006, 2023; McElwain et al. 2023),
which contains several infrared-detecting instruments that allow the
telescope to observe high-redshift phenomena. Recently, a possi-
ble Heur 11640 emission line, an expected spectral signature of
Pop 111 stars, was observed in the vicinity of the galaxy GN-z11 at
z = 10.6 (Maiolino et al. 2024b). Another galaxy, LAP1-B, observed
at z = 6.6, has very low metallicity and a hard ionizing spectrum
(Nakajima et al. 2025) that aligns with theoretical predictions for Pop
III stars. Fujimoto et al. (2025) presented an upper limit on the lumi-
nosity function of Pop III galaxies at z = 6—7, and Hsiao et al. (2025)
observed 12 very low-metallicity galaxy candidates at z ~ 5 -7, two
of which have metallicities Z < 1072 Zg. Low-metallicity galax-
ies have also been observed at lower redshifts. Mondal et al. (2025)
observed He 11 41640 emission at z = 2.98, possibly powered by
small pockets of Pop III stars in a partially metal-enriched galaxy.
Cai et al. (2025) also discovered the galaxy MPG-CR3 at z = 3.19,
with a metallicity Z < 8 x 1073 Z¢, and an estimated stellar mass of
6.1 x 10° Mo.

Previous work shows that the characteristics of Pop III clusters
would be strongly shaped by their radiative environment. An Hj-
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dissociating Lyman-Werner (LW) background can prevent the gas
from cooling, increasing the initial mass function (IMF) of the stars
formed, and with a high enough flux inducing the formation of a
direct-collapse black hole (DCBH; Latif et al. 2014). Other work
also showed that an ionizing ultraviolet (UV) background could delay
Pop III formation until lower redshifts (Visbal et al. 2017; Kulkarni
et al. 2019). Park et al. (2021) showed that a much weaker X-ray
background could elevate the free-electron fraction in the collapsing
gas, catalysing Hp formation, which boosts Pop III star formation in
low-mass dark matter (DM) haloes.

Past work has also studied Pop III formation in the most extreme
radiative environments. Johnson & Aykutalp (2019) showed, using
a simplified one-zone model, that a monochromatic 1000 eV flux
from the quasar of a nearby supermassive black hole (SMBH) could
also induce the formation of a DCBH within 100 kpc of the host
DM halo. Prole et al. (2024) also showed that a DM halo merger can
increase the gas temperature of the resultant halo through dynamical
heating, increasing the initial mass function (IMF) of the objects that
form without a radiation background. A related scenario, although
not involving Pop III stars, was observed by Balashev et al. (2025),
which presented observations of two merging galaxies (one of which
contains a powerful quasar) at z = 2.7. In the quasar host’s compan-
ion, compact, high-density gas clouds were found, indicating that UV
from the quasar dissociated most of the molecular gas, leaving only
high-density regions that were shielded from the quasar. Similarly,
Suzuki et al. (2025) showed that Lyman-a emitting and continuum-
selected galaxies have lower densities when they are near quasars,
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and Durovéikovd et al. (2025) observed a Lyman-a emitter candidate
at a projected distance of 29 kpc from the quasar PSO J158-14.

Here we extend previous work by running 3D radiation-
hydrodynamical simulations to model the radiative feedback of an
active galactic nucleus (AGN) on the formation of Pop III stars in
neighbouring regions. We use a standard composite quasar SED
(Haardt & Madau 2012) to model the entire spectrum, computing
self-consistent photodissociation, photoionization, and photoheating
rates. We also account for Compton scattering and inverse Comp-
ton scattering self-consistently with this spectrum. In Section 2 we
discuss our simulations and in Section 3 we present the results. In
Section 4 we determine the specific objects that would form after
gravitational collapse in each scenario, and their detectability with
JWST. Finally, in Section 5 we summarize our findings. We assume a
ACDM cosmology with the following parameters from Planck Col-
laboration et al. (2016): €p = 0.309, Qp = 0.691, Q, = 0.0486, h =
0.677, 0g=0.816, and ns; = 0.968.

2 SIMULATIONS AND METHODS
2.1 Simulation Setup

Using ENZO, (Bryan et al. 2014), a cosmological adaptive mesh
refinement (AMR) radiation hydrodynamics code, we initialized a
periodic box at z = 200 with a comoving size of (10 Mpc/h)3. Initial
conditions were generated with MUSIC (Hahn & Abel 2011). First,
we ran a simulation with resolution 1283 (128 cells per side) and no
AMR. We tracked the largest DM halo using the halo finder in yt
(Turk et al. 2011), then restarted the simulation at z = 200 centred on
this largest halo. By z = 12, this halo reached a mass of ~2.5 x 10°
Mg. During the second run, we tracked the evolution of 12 species
(H, H*, He, He*, He**, e, Hy, H;, H~, D, D*, and HD).

The impact of the AGN radiation on the primordial gas was mod-
elled using three different scenarios (described in Section 2.2) as an
isotropic radiation background. To avoid discontinuities in the simu-
lation, we gradually ramped up the intensity of the background using
a logistic function. The radiation backgrounds reached full intensity
at z = 37, in order to ionize the entire box before gravitational col-
lapse. Visbal et al. (2017) showed that the time at which the radiation
background is turned on has no significant effect on the Pop III star
clusters that form, as long as the background can completely ionize
the intergalactic medium.

In our second set of runs with the radiation background turned on
(with the same box size as the first run), the base resolution remained
at 1283 with the inner 20% of the box being set to an effective reso-
lution of 5123. AMR was also turned on in the central region based
on the local Jeans length (resolved by 16 cells across), and a 1.5
overdensity criterion for both baryons and dark matter. At the high-
est densities, the simulations had up to 18 levels of refinement from
the base grid, allowing a maximum physical resolution of 0.11 co-
moving pc. The simulations were stopped upon reaching a threshold
gas density of 10718 g cm™3, after which an unresolvable runaway
collapse to stellar densities would occur.

2.2 Quasar Background

To compute our quasar background, we assume an SMBH with bolo-
metric luminosity of 1.26 x 10%7 erg s~! (L)), corresponding to
an SMBH of 10° Mg accreting at the Eddington limit. We simulate
three different scenarios. In Scenario A, we adopt a uniform back-
ground radiation field with a flux corresponding to that which would
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Figure 1. The virial mass of the growing DM halo (used in all three scenarios)
is plotted against redshift and virial temperature. The redshifts at which
runaway gravitational collapse happens (z =24.99, 15.46, 12.63) for scenarios
A, B, and C, respectively, are labelled.

be produced by the AGN at a distance r = 1000 kpc away from our
DM halo. In Scenario B, the radiative flux corresponds to that pro-
duced at a distance of r = 100 kpc away, and Scenario C corresponds
to a distance of » = 10 kpc. We use the quasar spectrum at z = 0
from Haardt & Madau (2012), which extends from 3 — 109 eV, to
compute a piecewise power law fit, which is normalized to the black
hole mass and distance.

We model the three backgrounds as a set of isotropic photoioniza-
tion, photoheating, photodissociation, and Compton scattering rates
calculated using our chosen spectrum. Isotropic photoionization rates
are calculated (in units of s™1) using the following,
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where & is Planck’s constant, o, is the photoionization cross section
of each respective species as a function of frequency, f, is the fraction
of photons at a given frequency (where the total is normalized to
one), and v is the minimum ionization frequency of each respective
species. The corresponding photoheating rates are calculated as
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Photoionization cross sections for the two hydrogenic species (H
and He 11) were taken from Osterbrock & Ferland (2006), and cross
sections for Hel were taken from Verner et al. (1996). The pho-
todissociating LW flux was calculated by normalizing the fraction
of photons in the 11.2 — 13.6 eV range to the bolometric luminos-
ity of the SMBH. Appendix A lists the specific rates used in the
simulations, based on these calculations.

We also include Compton heating, based on Rybicki & Lightman
(1986), where the energy deposited to an electron in one Compton
scattering is
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where (hv) is the mean photon energy for our spectrum (26.95 eV),
me is the mass of the electron, ¢ is the vacuum light speed, k is
the Boltzmann constant and 7 is temperature. The rate of energy



deposited per unit volume is then

9E _ ) iy — 4kT)orneFy, 4)
dt  mec?

where Fy = Lo/ (47r2(hv)), o is the Thomson cross section, and
ne 18 the number density of free electrons.

We include shielding for photoionizations and photoheating, using
a default ENZO setting, although the average photoionization cross
sections used for the shielding are recalculated based on the quasar
spectrum (Haardt & Madau 2012). We also include shielding for Hy
dissociations, based on Wolcott-Green et al. (2011):

0.965
Jshield (N, T) = —
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where x = Ny, /5 x 10M4em—2, bs = b/10%ems™, a = 1.1, Ny, is
the H, number density, and b is the Doppler broadening parameter
2kT

&--, where m is the mass of an H molecule.

3 RESULTS

Here we present the results of the three simulations of the AGN at
1000, 100, and 10 kpc, which we refer to as Scenarios A, B, and
C, respectively. Figure 1 shows the build-up of dark matter mass in
the simulated halo as a function of redshift. Runaway gravitational
collapse of the primordial gas occurred at z = 24.99, 15.46, and
12.63, for Scenarios A, B, and C, respectively. Our DM halo grew to
amass of 2.23x10° Mg, at the time of runaway gravitational collapse
in Scenario C. In Scenarios B and C, Compton scattering from the
quasar background was powerful enough to keep the free electrons
and photons in thermal equilibrium, meaning that the gas stayed
ionized, preventing it from cooling via atomic electron transitions,
and keeping it at a temperature of 78,000 K, corresponding to the
median photon energy of 26.95 eV of our adopted spectrum. The
virial temperature (Barkana & Loeb 2001), also plotted in Figure 1,
grew with the DM halo mass roughly until it reached the temperature
of the gas for each respective scenario, at which point a runaway
gravitational collapse occurred.

Figure 2 shows density, temperature, free-electron fraction, and Hy
fraction as a function of radial distance from the DM halo centre
at the redshift of collapse. Once temperatures dropped to ~ 10* K,
recombination occurred, allowing the gas to cool further through
electronic transitions and for shielding of the ionizing portion of
the spectrum. However, even as the gas collapsed, the free-electron
fraction remained high in the scenarios with the highest-intensity
radiation fields (B and C), as shown in the bottom left panel of
Figure 2. The free electrons, in turn, catalysed the formation of H;
through the reactions (Galli & Palla 1998; Glover 2005):
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Figure 3 shows density and temperature slices of each scenario
at the moment the simulations were stopped. The plot shows that
hydrogen deuteride (HD) cooling allowed the gas to reach the tem-
perature floor set by the cosmic microwave background (Tcymp ~ 70
K) in Scenario A, although in Scenarios B and C the LW flux was
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sufficient to noticeably reduce the H, (and HD) fraction, precluding
this efficient cooling process.

In Figure 4, we estimate the mass enclosed in each of the three
scenarios. This mass is determined by computing the infall time for
each cell based on its radial velocity relative to the location of the
cell with the highest gas density. We assume that gas from outflowing
cells is not accreted, and therefore it is not included in the infall time
calculation. We find that the mass enclosed increases along with the
radiation background. This is consistent with the fact that in each
respective scenario, more gas is available because the DM halo has
grown larger.

The mass available to form Pop III stars or DCBHs in each scenario
can be computed based on the mass that collapses within the time
limit for Pop III formation. The largest stars formed would have a
lifetime of around 3 Myr, after which Pop III star formation depends
on the metal mixing time-scale. Sarmento & Scannapieco (2025)
estimated a 10-30 Myr limit for Pop III formation, and Fotopoulou
et al. (2024) showed that low-metallicity star-forming clouds could
be disturbed by stellar feedback and supernovae in less than 10 Myr.
Therefore, we annotate 3 and 30 Myr time-scales in Figure 4, to show
minimum and maximum time-scales for Pop III formation. In Figure
5, we also estimate the accretion rate onto the protostars that would
form, plotted against the mass enclosed, which is computed using the
same method as in Figure 4. The accretion rate is estimated using the
relation M ~ cg /G, where c is the sound speed, assuming an ideal
gas, and G is the universal gravitational constant. This estimation
shows that the accretion rate also increases along with the radiation
background, resulting in a more top-heavy IMF for the objects that
form in more intense radiative environments.

4 DISCUSSION
4.1 Pop III vs DCBH Formation

Whether the collapsing gas eventually forms a large Pop III cluster
or a DCBH depends on the IMF of the objects that form, which is
in turn dependent on the accretion rate onto the collapsing cloud.
If accretion is sustained at rates between 0.01 and 0.1 Mg yr‘l,
then a supermassive star (SMS) would likely form (Inayoshi et al.
2020). The lifetime of such an SMS is expected to be around 1
Myr (Wise et al. 2019). Once the nuclear fuel is exhausted, the
SMS would collapse into a DCBH with no supernova, unless the
SMS has a mass in a narrow band around 55,000 Mg, in which
case a powerful supernova would occur (Chen et al. 2014), leaving
behind no remnant. If accretion rates exceed ~ 0.3 Mg yr~1, collapse
would happen during the helium-burning stage because of a general
relativistic instability (Umeda et al. 2016). In each case, the resulting
black hole is expected to have a mass of ~ 10° M. If accretion rates
are not sustained above ~ 0.01 Mg yr~! during the first 10° yr (the
Kelvin-Helmholtz time-scale), then a star with a mass of order ~ 100
Mg would likely form, its mass limited by its own radiative feedback
(Haiman 2012).

The accretion rates are dependent on the sound speed, which is
in turn dependent on the gas temperature. Therefore, the fate of our
clusters can be determined through Figures 4 and 5. In Scenario
A, a more bottom-heavy IMF Pop III cluster would form, because
less than 100 Mg will have been accreted after 107 years (Figure
4), which is also consistent with the low accretion rates in Figure 5.
Scenario B would result in a more top-heavy IMF Pop III cluster,
because of the higher accretion rate, although a SMS is still ruled
out because the accretion rates remain below the threshold until after
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Figure 2. Radial profiles of temperature, density, H, fraction, and free-electron fraction, for each scenario, centred on the highest density cell at the moment the
highest refinement level is reached (the stopping point for the simulations, after which a rapid runaway gravitational collapse would occur). The free-electron
fraction stays elevated as the gas collapses to higher densities, catalysing Hy formation. The LW flux counteracts this effect.

the Kelvin-Helmholtz time. Only in Scenario C may a DCBH form,
because of the sustained high accretion rates.

Thus, we find that for our DM halo of mass 2.23 x 10° Mg at
z = 12.63, with an intense background corresponding to a 10° Mg
SMBH with the Eddington luminosity 10 kpc away, a DCBH is most
likely to form. In Scenarios A and B, corresponding to the same
SMBH at respective distances of 1000 and 100 kpc, a large cluster
of Pop III stars is instead likely to form, at z = 24.99 and 15.46,
respectively, with the second cluster having a more top-heavy IMF.

4.2 Detectability by JWST

Maiolino et al. (2024b) observed a Pop III candidate, identified by
its He 11 11640 emission line, at an estimated distance of 2.5 kpc
from the high-redshift galaxy GNz-11 at z = 10.6. They estimated a
luminosity in this line of order 104 erg s~!. The luminosity of the
clusters in our simulations depends on the star formation efficiency
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and the IMF of the stars that are formed. Recent work has suggested
that star formation efficiency may be elevated at high redshifts, with
estimates ranging from around 1% to greater than 10% (Andalman
et al. 2025; Venditti et al. 2024; Meidt et al. 2025; Somerville et al.
2025; Ventura et al. 2024; Bovill et al. 2024), with Gentile et al.
(2024) even suggesting that star formation efficiencies for Little Red
Dots could be 25-50%. Kar et al. (2025) also suggested that star
formation efficiency could be a function of halo mass and redshift.
We therefore assume a 10% star formation efficiency, and a top
heavy IMF (Bromm et al. 2001). We also note that Wasserman et al.
(2025) showed that rotating Pop III stars would have enhanced He 11
11640 emission, reducing the top-heaviness of the IMF that would
be necessary for detection.

Using the same method as Johnson (2010), we compute an ex-
pected luminosity of our Pop III clusters in all three of our simulated
scenarios. The luminosity emitted by a Pop III cluster in the He 11
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Figure 3. Density and temperature slices at the moment the highest level of refinement is reached for the lowest (left), intermediate (middle) and highest (right)
background radiation fields. In Scenario A (lowest background), the gas cools to the temperature of the CMB because of HD cooling. With the two higher

backgrounds (Scenarios B and C), H, formation is limited by the LW flux.

11640 emission line can be approximated as

Liso =4 x 107 ergs™" x (1_—lfesc) * (Of* ) X (J(C)colu)

1
M,
< OHeln y ( h ) ’ ©)
5x 109 s~ Mg ! 108 Mo
where fesc is the photon escape fraction, f. is the star formation
efficiency, Qperr is the number of He-II ionizing photons (MCT)l s7h
in the stars that form, fq is the fraction of the gas that cools and

collapses, and M}, is the DM halo mass. The corresponding observed
flux is:
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We calculate the gas collapse fraction fq used in Equation 7 by
dividing the gas enclosed (shown in Figure 4) by the gas mass within
the virial radius of the DM halo. Using Qgerr = 3.8 X 10%7 M51 s!
(based on the top-heavy IMF), an escape fraction of zero, and a star
formation efficiency of 10%, values of Ljg40 and Fg40 are shown in
Appendix B for the three different scenarios, at three different times
post collapse.

Maiolino et al. (2024b) observed the candidate Pop III cluster near
GN-z11 using the JWST NIRSpec instrument, in integral field spec-
troscopy (IFS) mode. They had an exposure time of 10 hours 46 min-

Table 1. Signal-to-noise ratios (SNRs) for three simulated scenarios using
JWST/NIRSpec. SNRs for the He 11 11640 flux are listed for cluster masses
corresponding to the enclosed masses with infall times of 3, 10, and 30 Myr
shown in Figure 4.

Scenario  Collapse z  SNR (3Myr) SNR (10 Myr)  SNR (30 Myr)
A 24.99 0.06 0.18 0.59

B 15.46 1.74 3.39 9.32

C 12.63 3.25% 14.07* 46.89"

*For Scenario C, we show in Section 4.1 that a DCBH is likely to form. This
DCBH could be accompanied by a stellar population and/or other DCBHs.
The SNRs shown for Scenario C represent the maximum possible stellar
contribution.

utes, with the G235M/F170LP grating/filter pair. Using the JWST
exposure time calculator (Pickering et al. 2016), we calculate the
SNRs of our three clusters under the same observing strategy, except
for Scenario A at z = 24.99, where we instead use the G395H/F290LP
grating/filter pair (the emission line at z = 25 is redshifted out of the
range of the G235M/F170LP pair). We list the signal-to-noise ratios
(SNRs) for the fixed slit observing mode instead of the IFS mode, to
simplify the calculation; we found that the IFS SNRs were compa-
rable. These SNRs are listed in Table 1. We find that Scenario A is
not detectable without the help of significant gravitational lensing.
On the other hand, Scenarios B and C could be detectable.

MNRAS 000, 1-7 (2025)
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(2025), respectively.

—— Scenario A
10! 4 —— Scenario B
—— Scenario C

100 4

Accretion Rate [Mg yr~1]

1073 4

104

102 103 104 10° 106 107 108
M(r) [Mo]

Figure 5. Accretion rate, approximated using the relation M ~ cg /G, is
plotted as a function of mass enclosed. Only in Scenario C are there sustained
accretion rates high enough to form a DCBH.

We can make a direct comparison between GNz-11 and our model
SMBH, by assuming that GNz-11 hosts a black hole of around 2x 100
Mg, and accretes at around five times the Eddington rate (Maiolino
et al. 2024a). Maiolino et al. (2024b) estimated that the He 11 clump
was around 2.5 kpc away from GNz-11. Therefore the flux from GN-
z11 at the distance of the He 11 clump would be around 0.16 times the
flux in Scenario C, and 16 times the flux in Scenario B. Assuming the
mass infalling within 30 Myr is also intermediate between scenarios
B and C, at around ~ 107 Mg, and again assuming a star formation
efficiency of 10% and an escape fraction of zero, then the expected
luminosity of the He 11 clump would be =~ 3 X 1041 erg s~!, which is
in line with the luminosity that was actually observed.
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Therefore, we conclude that Scenarios B and C could be detectable
with JWST. Scenario A, even assuming a top-heavy IMF, when in
fact the cluster would likely have a more bottom-heavy IMF than
Scenarios B and C, would only have an SNR of up to 0.59, meaning
that it is very unlikely to be detectable with JWST. In Scenario B,
we conclude that a large, pure Pop III cluster could be detectable
with JWST’s NIRSpec instrument. In Scenario C, the collapsing gas
will form one or more DCBHs, which may be accompanied by a
detectable stellar population.

5 CONCLUSIONS

We have presented three-dimensional radiation-hydrodynamics sim-
ulations of three scenarios, corresponding to DM haloes exposed
to the radiation from an SMBH with a bolometric luminosity of
1.26 x 10*7 erg s~!. We ran simulations with background radiation
fields of the SMBH at respective distances of 1000, 100, and 10 kpc
from our DM halo (Scenarios A, B, and C, respectively), using an
isotropic radiation background, calculated using an SED (Haardt &
Madau 2012) that extends from 3 — 10° V. Our main findings are
the following:

e The high-energy portion of the SED has a significant effect on
the collapsing gas. Compton scattering maintains a high free-electron
fraction even as the gas cools and collapses. This high free-electron
fraction in turn catalyses Hp formation, which allows further cool-
ing of the gas through Hj radiative quadrupole transitions and HD
dipole transitions. Moreover, Compton scattering heats the ionized
gas to higher temperatures than possible with only an ionizing UV
background. This further delays gravitational collapse until the virial
temperature exceeds the Compton equilibrium temperature, which
allows more gas to be available for Pop III formation. In our simula-
tions, this corresponds to collapse at z = 24.99, 15.46 and 12.63 for
Scenarios A, B, and C respectively. These effects are not captured
by previous work simulating the effect of an ionizing radiative back-
ground on Pop III formation (e.g, Visbal et al. 2017; Kulkarni et al.
2019; Park et al. 2021).

e The level of the radiation background changes the IMF of the
objects formed after collapse. Scenario A corresponds to a lower-
IMF Pop 1III cluster, Scenario B to a high-IMF Pop III cluster, and
Scenario C to a DCBH, which may be accompanied by a stellar
population. Maiolino et al. (2024b) found that the IMF of the stars
powering the He 11 clump near GNz-11 must extend to at least 500
Mpg. This is consistent with our simulations, which show that an
intense radiation background would increase the IMF of a Pop III
cluster.

o We find that Pop III clusters formed near AGN may be detectable
in He 11 11640 out to z ~ 15 using JWST’s NIRSpec instrument, in
both fixed slit and IFS modes.
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DATA AVAILABILITY

All of the simulations presented in this article were run using ENZO
v2.6.1 (commit hash 399df69). The source code was modified to
add isotropic photoionization, photoheating, and photodissociation
rates, and a treatment for Compton scattering off of our background.
Initial conditions were generated using MUSIC using the coarse grid
seed 27700. The seeds for levels 8 and 9 were 44278, and 66886,
respectively. All computational analysis of the snapshots generated
was done using yt. The source code for these three programs is
publicly available. The ENZO parameter files used, along with the
final snapshots, are available upon request from EMF.

REFERENCES

Andalman Z. L., Teyssier R., Dekel A., 2025, MNRAS, 540, 3350

Balashev S., et al., 2025, Nature

Barkana R., Loeb A., 2001, Physics Reports, 349, 125-238

Bovill M. S., Stiavelli M., Wiggins A. L., Ricotti M., Trenti M., 2024, ApJ,
962, 49

Bromm V., Kudritzki R. P, Loeb A., 2001, ApJ, 552, 464-472

Bryan G. L., et al., 2014, ApJS, 211, 19

Cai S., et al.,, 2025, A Metal-Free Galaxy at z = 3.19? Evidence of Late
Population III Star Formation at Cosmic Noon (arXiv:2507.17820),
https://arxiv.org/abs/2507.17820

Chen K.-J., Heger A., Woosley S., Almgren A., Whalen D. J., Johnson J. L.,
2014, ApJ, 790, 162

Fotopoulou C. M., et al., 2024, arXiv e-prints, p. arXiv:2408.16887

Fujimoto S., et al., 2025, arXiv e-prints, p. arXiv:2501.11678

Galli D., Palla F., 1998, A&A, 335, 403

Gardner J. P,, et al., 2006, SSRv, 123, 485

Gardner J. P, et al., 2023, PASP, 135, 068001

Gentile F,, et al., 2024, arXiv e-prints, p. arXiv:2408.10305

Glover S., 2005, Space Sci. Rev., 117, 445

Haardt F., Madau P., 2012, ApJ, 746, 125

Hahn O., Abel T., 2011, MNRAS, 415

Haiman Z., 2012, The Formation of the First Massive Black Holes.
Springer Berlin Heidelberg, p. 293-341, doi:10.1007/978-3-642-32362-
1_6,http://dx.doi.org/10.1007/978-3-642-32362-1_6

Hsiao T. Y.-Y,, et al., 2025, arXiv e-prints, p. arXiv:2505.03873

Inayoshi K., Visbal E., Haiman Z., 2020, ARAA, 58, 27-97

Johnson J. L., 2010, in Whalen D. J., Bromm V., Yoshida N., eds, American
Institute of Physics Conference Series Vol. 1294, First Stars and Galaxies:
Challenges for the Next Decade. AIP, pp 190-195 (arXiv:1003.5311),
doi:10.1063/1.3518851

Johnson J., Aykutalp A., 2019, Apl, 879, 18

Kar A., Alam S., Silk J., 2025, Beyond Extreme Burstiness: Evolving
Star Formation Efficiency as the Key to Early Galaxy Abundance
(arXiv:2507.20606), https://arxiv.org/abs/2507.20606

Kulkarni M., Visbal E., Bryan G., 2019, ApJ, 882, 178

Latif M. A., Schleicher D. R. G., Bovino S., Grassi T., Spaans M., 2014, ApJ,
792,78

Maiolino R., et al., 2024a, A small and vigorous black hole in the early Uni-
verse (arXiv:2305.12492), https://arxiv.org/abs/2305.12492

Maiolino R., et al., 2024b, A&A, 687, A67

McElwain M. W., et al., 2023, PASP, 135, 058001

Meidt S. E., et al., 2025, arXiv e-prints, p. arXiv:2505.19832

Mondal C., et al., 2025, GNHell J1236+6215: A He II 21640 emitting and
potentially LyC leaking galaxy at z = 2.9803 unveiled through JWST &
Keck observations (arXiv:2506.06831), https://arxiv.org/abs/
2506.06831

Nakajima K., et al., 2025, An Ultra-Faint, Chemically Primitive Galaxy
Forming at the Epoch of Reionization (arXiv:2506.11846), https:
//arxiv.org/abs/2506.11846

Osterbrock D. E., Ferland G. J., 2006, Astrophysics of gaseous nebulae and
active galactic nuclei. University Science Books

Table Al. Per-particle photoionization and photoheating rates for hydrogen,
neutral helium, and singly ionized helium. Rates are computed using the

adopted SED and are given in units of s~! and erg s~!, respectively.
Process H He He*
Photoionizationrate ~ 1.25x 1078 1.08 x 1078 3.47 x 1010
Photoheating rate 8.00x 10720 1.42x 1071  8.93 x 102!

Park J., Ricotti M., Sugimura K., 2021, MNRAS, 508, 6176-6192

Pickering T. E., et al., 2016, in Peck A. B., Benn C. R., Seaman R. L.,
eds, Observatory Operations: Strategies, Processes, and Systems VI.
SPIE, p. 44, doi:10.1117/12.2231768, http: //dx.doi.org/10.1117/
12.2231768

Planck Collaboration et al., 2016, A&A, 594, A13

Prole L. R., Regan J. A., Whalen D. J., Glover S. C. O., Klessen R. S., 2024,
arXiv e-prints, p. arXiv:2410.06141

Rybicki G. B., Lightman A. P., 1986, Radiative Processes in Astrophysics.
Wiley-VCH

Sarmento R., Scannapieco E., 2025, The Importance of the Population IIT
Initial Mass Function in Determining the Characteristics of the Earli-
est Galaxies (arXiv:2506.20767), https://arxiv.org/abs/2506.
20767

Somerville R. S., Yung L. Y. A., Lancaster L., Menon S., Sommovigo L.,
Finkelstein S. L., 2025, arXiv e-prints, p. arXiv:2505.05442

Suzuki Y., Matsuoka Y., Kikuta S., Uchiyama H., Kusakabe H., Imanishi M.,
2025, Quasar Negative Feedback to Surrounding Galaxies Probed with
Ly @ Emitters and Continuum-Selected Galaxies (arXiv:2505.17377),
https://arxiv.org/abs/2505.17377

Turk M. J., Smith B. D., Oishi J. S., Skory S., Skillman S. W., Abel T., Norman
M. L., 2011, ApJS, 192, 9

Umeda H., Hosokawa T., Omukai K., Yoshida N., 2016, ApJL, 830, L34

Venditti A., Bromm V., Finkelstein S. L., Calabro A., Napolitano L., Graziani
L., Schneider R., 2024, ApJ, 973, L12

Ventura E. M., Qin Y., Balu S., Wyithe J. S. B., 2024, MNRAS, 529, 628

Verner D. A., Ferland G. J., Korista K. T., Yakovlev D. G., 1996, AplJ, 465,
487

Visbal E., Bryan G. L., Haiman Z., 2017, MNRAS, 469, 1456

Wasserman J., Zackrisson E., Dhandha J., Fialkov A., Noble L., Majumdar
S., 2025, Ultraviolet photon production rates of the first stars: Impact
on the He IT A 1640 A emission line from primordial star clusters and
the 21-cm signal from cosmic dawn (arXiv:2507.21764), https://
arxiv.org/abs/2507.21764

Wise J. H., Regan J. A., O’Shea B. W.,, Norman M. L., Downes T. P, Xu H.,
2019, Nature, 566, 85-88

Wolcott-Green J., Haiman Z., Bryan G. L., 2011, MNRAS, 418, 838

Durovéikova D, et al., 2025, arXiv e-prints, p. arXiv:2505.01499

APPENDIX A: COMPUTED RATES

In Table A1, we show the isotropic photoionization and photoheating
rates for Scenario B. The LW rate for Scenario B was Jp| = 5232.
Rates for Scenarios A and C can be computed by multiplying, or
dividing, respectively, the given rates by 100.

APPENDIX B: DETECTABILITY CALCULATIONS

The expected luminosities of the clusters, and the fluxes that could
be observed by JWST, are listed in Tables B1 and B2, respectively.
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Table B1. He I1 211640 luminosities (erg s~ 1) for the three simulated scenar-
ios, at three characteristic time-scales after runaway gravitational collapse. In
comparison, the He IT clump from Maiolino et al. (2024b) has an estimated
luminosity of ~ 10*! erg s~!.

Scenario 3 Myr 10 Myr 30 Myr

A 1.18 x 10 3.55x10%  1.18 x 10%!
B 1.91 x10*  3.82x10*  1.15x 10%
c 3.20x 1041 1.60 x 102 8.01 x 10*2

Table B2. Observed He 11 11640 fluxes (erg s~1 em™2) for the three simulated
scenarios using JWST/NIRSpec.

Scenario 3 Myr 10 Myr 30 Myr

A 1.75%x 10721 7.01 x 1072!  1.75x 10720
B 7.04x10720  141x10°Y  423x10°1
C 1.73x 10719 8.66x 1071 4.33x 10718
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